Combining effect of infrared radiation (IR) heating with ultraviolet (UV) irradiation on the inactivation of mold spores isolated from citrus fruits was investigated. Fruit-related molds (Penicillium, Aspergillus, Cladosporium, Rhizopus, and Byssochlamys) were inoculated on stainless steel Petri dish and inactivated by IR heating, UV irradiation, and combined treatments with different sequence orders. Three isolates (Penicillium, Aspergillus and Cladosporium) were sensitive to IR heating, while Rhizopus and Byssochlamys spores were relatively sensitive to UV irradiation rather than IR heating. Combinations of IR heating with UV irradiation were effective in the inactivation of all mold spores. Considerable reductions in the survival of all mold spores were achievable by the combined treatment regardless of the treatment order.
Introduction
Fungal contamination is one of the most serious problems during storage of various fruits (Tournas and Katsoudas, 2005) . Fruits which have relatively stronger peels, such as citrus fruits, exhibit fungal contamination during long-term storage. However, in the case of fruits with weak peels, such as strawberry, grape, and fig, severe fungal proliferations were observed within a few days after storage. The change in appearance, off-odor and mycotoxin production resulting from fungal contamination are serious problems during the postharvest stage. Prevention of these fungal contaminations is therefore essential and can be achieved using optimum decontaminating techniques. Chemicals (gas or agent) are the most commonly employed decontaminants in the antimicrobial processing of fruits (Zhang, 2007; Song et al., 2007; Zheng et al., 2007) . However, recently, consumer preference and concerns over environmental safety have placed pressure on fruit and vegetable processors to seek alternative methods for sustainable decontamination of fruits and vegetables.
In our previous study, we applied infrared radiation (IR) heating to achieve surface decontamination of citrus fruits (Uchino et al., 2004) , although discoloration and softening of the fruits' surfaces due to penetration of thermal energy during IR heating were sometimes observed. Therefore, in order to reduce the thermal effect on the fruits' surfaces without lessening the decontamination ability, we explored the effect of decreasing the input energy of IR heating by combining it with other non-thermal techniques. The microbiocidal effect of ultraviolet (UV) irradiation with a wavelength band of UV-C (100-280 nm) is widely known, and has been applied for decontamination in various industrial fields. Regarding prevention of postharvest decay in fruits, many researchers have tested the decontaminating effect of UV on fruits, such as grape and strawberry, and have suggested that UV irradiation is effective in reducing the microbial population on fruits (Baka et al., 1999; Nigro et al., 1998) . In addition, the killing effect of UV irradiation was accelerated by combining treatments with other antimicrobial techniques (Yano, 2001; Hadjok et al., 2008; Jung et al., 2008) . To improve the decontamination efficiency of IR heating, combination with UV irradiation shows promise without reducing the quality of the fruit due to excessive treatment of IR heating. On the other hand, there were some disadvantages in the UV decontaminating procedure, ing. After two days of desiccation, the sterilizing processes were conducted.
Disinfection procedure Figure 1 shows the experimental chambers. IR chamber was equipped with an IR heater (220×ϕ 10.5 mm; IRE135-M, Iwasaki Electric Co., Ltd., Tokyo, Japan). The electric power of the heater was 0.5 kW. The peak wavelength and energy of the heater was 950 nm, 4.2 µW/cm 2 /nm at 10 cm below the emitter surface, respectively. The UV chamber was equipped with three UV lamps (900 × ϕ 20.5 mm; QGL100-2X, Iwasaki Electric). The wavelength and energy of the UV lamp were 254 nm and 20 mW/cm 2 at 10 cm below, respectively. The inner surface of both chambers was covered with an aluminum sheet to reflect IR and UV, and to prevent energy from leaking out of the chamber. All IR heating and UV irradiation experiments were carried out after ensuring the stability of irradiation from the IR heater and UV lamp (about 5 min). A stainless steel Petri dish inoculated with spores was set 150 mm and 200 mm below the IR heater and UV lamp, respectively. Figure 2 shows the temperature profile of the stainless steel Petri dish (ϕ 90 mm) without samples, which was monitored by a T-type thermocouple attached to the surface of the stainless steel Petri dish. The treatment periods for IR heating and UV irradiation and their combination are shown in Table 1 . In this study, the treatment periods for IR heating and UV irradiation were the including the limited effect on the material surface only and minimal effect on some kinds of mold spores. Nevertheless, no report has elucidated the effects of combining IR heating with UV irradiation on the improvement of the decontaminating efficiency of fruit and fruit-related microorganisms. The aims of this study were to investigate the effect of combining IR heating with UV irradiation on the inactivation of some citrus fruit-related mold spores in vitro. The data obtained will be useful in designing devices for IR and UV decontamination systems for various kinds of fresh fruits.
Materials and Methods
Fruit materials and mold isolation Wild-type molds isolated from citrus fruit were used in this study. The isolating procedure was as follows. A 10-g peel from a fruit sample (cv. Citrus unshiu) cultivated and harvested in Fukuoka City, Japan, was macerated by a stomacher (BagMixer, Interscience, Saint Nom La Bretèche, France) with 90 mL of sterile distilled water for 5 min. The peel debris was filtrated by a sterile stomacher bag, and the filtrate was used as the microbial suspension. The microbial suspensions were spread on a potato dextrose agar (PDA; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) plate, and incubated at 25℃ for 48 h. After colonization, the resulting colonies were isolated without contamination, and re-cultured under the same conditions. Thus, five molds, of which colors and morphological properties were different, were isolated and their genuses identified (Lee, 2005; Aihara and Lee, 2005; Kosuge and Ota, 2005) . These five molds were used in the following study.
Preparation of spore suspension Isolated molds pure grown on a PDA plate were harvested by the spreader after mixing with sterile distilled water containing 0.1% w/v surfactant (Tween 80, Wako Pure Chemical Co. Ltd., Tokyo, Japan). The harvested mycelia were eliminated by filtration using sterile glass wool. Mold spores in the filtrates were washed three times by centrifugation (2500×g, 10 min) in sterile distilled water. The initial concentration of the mold spores was adjusted to approximately 10 6 -10 7 CFU/mL.
These prepared spore suspensions were stored at 4℃ until use.
Sample preparation for inactivating treatment In order to investigate the characteristics of spore inactivation by single and sequential treatment of IR and UV, stainless steel Petri dishes (19×ϕ 90 mm) were used as reported in our previous studies (Hamanaka et al., 2005 (Hamanaka et al., , 2006 . A 2-mL sample of the prepared spore suspensions was inoculated onto a stainless steel Petri dish, spread evenly, and air-dried on a clean bench (MCV-710ATS, Sanyo Electric Co., Ltd., Osaka, Japan) at room temperature. The air dried samples were placed in desiccator jars containing silica gel at 25℃ for dry- *IR→UV (UV→IR) means IR treatment followed by UV irradiation (UV irradiation followed by IR treatment). After IR treatment, samples were immediately cooled to around room temperature in a refrigerator for 2 min. surviving spores. The inactivating effects of each trial were expressed as the number of surviving spores per unit area of the stainless steel Petri dish (log 10 CFU/cm 2 ). Statistical analysis All data for the number of surviving spores represent the mean of at least five experimental replicates. Significant differences in the data of combining treatments at the same treatment periods were determined by Student's t-test (p<0.05).
Results and Discussion
The surfaces of citrus fruit can be contaminated with various species of molds (Tournas and Katsoudas, 2005) . In this study, the five molds isolated from the surface of citrus same regardless of the treatment order. In the sequential treatment, the IR heated sample was cooled to room temperature in a refrigerator for 120 s before UV irradiation and then resuspended in sterile distilled water.
Mold counting A 50-mL aliquot of sterile distilled water was added to a Petri dish, and spores were removed from the stainless steel surface and re-suspended in sterile distilled water using ultrasonic treatment (2510J-MTH, Yamato Scientific Co., Ltd., Tokyo, Japan) for 3 min. The amount of initial and surviving spores was determined on a PDA plate. These plates were incubated at 25℃, and the colonies that had grown after 48 h were counted. In this study, the number of colonies after incubation was considered as the number of spores by the combined treatment of IR heating with UV irradiation was important for application in various industrial fields. Inactivation by UV irradiation is postulated to be due to DNA damage, and that of IR heating may be caused by heat denaturation of essential proteins and destruction of the outer cell membrane. Therefore, inactivation of mold spores by combining IR treatment with UV irradiation could be synergistic.
Conclusion
Combination of IR heating with UV irradiation was considerably effective in inactivating various mold spores isolated from citrus fruits, compared with the single treatment. Thus, this combined treatment may have potential to kill any mold spore without over-heating, preventing quality degradation of the fruit products. However, it remains unclear whether treatment of IR heating followed by UV irradiation is more effective in spore inactivation than its reverse order. Further studies to elucidate the killing mechanisms (damage of cell wall, DNA and some essential factors of survival) are necessary for effective application of this combined treatment in the decontamination of the fruit surface.
fruits were identified as Penicillium, Aspergillus, Cladosporium, Rhizopus and Byssochlamys based on the color and morphological properties. The sensitivity among these molds to IR heating and UV irradiation differed as shown in Fig. 3 . Among the isolates, three mold spores (Penicillium, Aspergillus, and Cladosporium) were more sensitive to IR heating than to UV irradiation. No Penicillium and Cladosporium spores survived after 40 and 80 s of IR heating, respectively. An approximate 4-log decrease in the survival was obtained for Aspergillus spores. Interestingly, the resistance of these three isolates (Penicillium, Aspergillus, and Cladosporium) to UV irradiation was considerably high. Moreover, the spores of Penicillium, Aspergillus, and Cladosporium were not completely sterilized even at 180 s of UV irradiation; only about a 3-log decrease of the initial population were found at 180 s of UV irradiation. On the other hand, Rhizopus spores were relatively sensitive to UV irradiation. Although the survival of Rhizopus spores was below the detectable level (<2.4 logs), only 2 logs of the initial populations were killed after 80 s of IR treatment. Byssochlamys spores were sensitive to both IR heating and UV irradiation, and did not survive after 80 s of IR heating and 60 s of UV irradiation.
Combination of IR heating with UV irradiation effectively inactivated the mold spores used in this study (Fig. 4) . Both IR heating before UV irradiation (IR-UV treatment) and UV irradiation before IR heating (UV-IR treatment) considerable reduced the survival of the spores. At least 90% of the initial populations of viable mold spores was killed even at 5-s IR-UV. Combined treatment of 30-s IR-UV resulted in the reduction of more than 3 logs of the initial population of any spore. Byssochlamys spores were especially inactivated 5 to 6 logs by the combined treatment of 5-s IR-UV, regardless of the treatment order. Moreover, 6 logs of Penicillium spores were also inactivated by 30-s IR-UV. It is unclear whether the IR-UV treatment was more effective in spore inactivation than the UV-IR treatment, although IR-UV treatment was significantly effective (p < 0.05) in the inactivation of Penicillium spores after 20 s and Cladosporium spores after 10 s. When IR heating was simultaneously conducted with UV irradiation, the inactivation efficiency was almost the same as the sequential treatment (data not shown). Marquenie et al. (2002) reported the effect of combining UV-C irradiation with mild heat treatment (under 50℃) on two kinds of mold conidia (Botrytis cinerea and Monilinia fructigena). They indicated that Botrytis spores were effectively inactivated when heat treatment was preceded by UV irradiation. However, the highest Monilinia spore inactivation was obtained by the reverse combined treatment. The inactivation efficiency depended on the kind of mold spore as suggested by Marquenie et al. (2002) . Clarification of the killing mechanisms of mold
